Abstract On November 25, 2009, heavy amount of rainfall precipitated in the city of Jeddah that led to floods causing unexpected loss of life (113 person died), and damaged public and private properties (10,000 cars were damaged/destroyed, and many houses, roads, highways, and industrial properties were also affected). The city of Jeddah is located within an independent mega drainage basin with a surface area of 1,760 km 2 . This mega basin is divided into three major sub-basins (northern, middle, and southern). Wadi Qus is located in the southern sub-basin with an area of *63 km 2 . It passes through many of the neighborhoods such as Al-Harazat, Al-Sawaid, Queza, Al-Mesaid, Al-Haramin Highway, and the King Abdel Aziz University. These areas were severely damaged during the flash flood event in 2009. The current study deals with the determination of the best sites for the construction of flood control dams, followed by a number of detailed studies to ensure that these selected sites are appropriate. Geological, geotechnical, geophysical, and hydrological investigations were conducted to identify the types of rocks, the subsurface conditions, and the geotechnical properties of abutment and subsurface of soil and rock in the dam sites. The study found that there are three locations that can be appropriate for the construction of the flood control dams at Wadi Qus. Hydrological studies indicated that the runoff volumes for sub-basins B1, B2, and B3 are 2,102,709, 1,023,156, and 4,868,304 m found that dam's heights of 15.5, 11.5, and 13.5 m for dams Q 01 , Q 02 , and Q 03 , respectively, are adequate for different basin volumes for 1,000-year return periods. Finally, the conceptual designs have been prepared and recommended for these dams.
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General background
Kingdom of Saudi Arabia (KSA) is classified climatically as a semi-arid region according to the World Map of Kopper-Geiger Climate Classification (Peel et al. 2007 ). These climates tend to have hot, sometimes extremely hot summers and mild to warm winters. Semi-arid climates receive precipitation below potential evaporation; rainfall episodes are few and erratic and irregular. Precipitation amounts exhibit strong spatial and temporal variability. Subyani (2011) mentioned that the rainfall amounts are generally low in the narrow coastal plain region and increase with increasing elevation in the foothills and mountain regions. Several investigations have confirmed that elevation is the most important factor, affecting both intensity and distribution of precipitation especially in the mountainous regions (Taher and Alshaikh 1998; Alehaideb 1985) .
Flash floods are among the most natural disasters in terms of human and economic loss. These flooding have caused considerable damage to highways, settlement, agriculture, and livelihood in different countries all over the world. There have been many studies on flood susceptibility and risk analyses using different techniques including remote sensingderived data and GIS tools. Radar remote sensing data have been extensively used for flood monitoring in different areas (AlFugura et al. 2011; Haeng et al. 2001; Billa et al. 2006; Pradhan 2010; Pradhan et al. , 2014 Elbialy et al. 2014) , and many of these studies have been done using probabilistic approaches (Farajzadeh 2002; Horritt and Bates 2002; Youssef et al. 2011) . In addition, hydrological and stochastic rainfall methods for flood susceptibility mapping have been used in other areas (Yakoo et al. 2001; Cunderlik and Burn 2002) . GIS-based data mining models such as support vector machine, decision tree, and artificial neural network methods have been applied in various case studies for flood susceptibility mapping (Sanyal and Lu 2004; Merwade et al. 2008; Kia et al. 2012; Tehrany et al. 2013 Tehrany et al. , 2014a . Many studies focused on specific concept relates to floods and torrents, such as the analysis of hydrologic systems (Pradhan and Youssef 2011, Subyani 2011) , Digital Elevation Models (KACST 2011) , or the morphometric analysis for valleys (Yehia and El-Ater 1997; Youssef et al. 2011 ).
Study area
The Jeddah Municipality is located, in the central western province of the KSA, on the Red Sea coastal plain. It lies between latitude of 21°15 0 and 21°55 0 north, and longitude of 39°00 0 and 39°30 0 east Fig. 1 . The annual precipitation, in Jeddah area, is reported as about 52.5 mm/year, with a maximum rainfall of 284 mm occurring in 1996 and a minimum rainfall of zero mm reported in several years. Rainfall is typically infrequent and occurs in intense thunderstorms during November-April. It receives rainfall runoff from the foothills to the east through natural drainage channels known as wadis. During intense rainfall events, runoff flows westward from the hills and mountains to the sea and causes flooding in the urban areas on the coastal plain (Al Saud 2010). As development has occurred in the Jeddah area, designs to intercept the runoff have resulted in the construction of three primary channel systems to the west of the Al-Haramain highway that goes through the city of Jeddah from north to south. However, the areas located to the east of the AlHaramain highway are prone to flash floods.
Extreme rainfall events were reported within the historical records by the Presidency of Meteorology and Environment (PME). These events recorded 83 mm of precipitation on November 3, 1972, and 80 mm on January 16, 1979, and followed by 70 mm on November 25, 2009. Consequently, major flooding occurred in November 2009. This was characterized by 70 mm of rain in 3 h and caused extensive flooding, loss of life, and damage to infrastructure and property. These 2009 floods resulted in loss of more than 113 persons, injuries to many, and damaged more than 10,000 cars, houses, roads, and industrial properties (Fig. 2) .
Understanding of Wadi Qus flash floods scenario
Based on the field investigation that has been done at Wadi Qus after the flash flood problem of 2009, systematic scenarios have been established where the Wadi Qus has been classified into three sections Fig. 3 . Zone (1) a water collection area is characterized by hills, mountains, and urban areas in which the general drainage moves toward the west. The zone gradient is 0.0139 m/m (0.79°). The presence of many earth dykes (made by individual property owners to protect their properties) and roads that obstructed the overland flow of the water leading to impoundment of large areas. Once these obstructions are overtopped, they fail, and larger quantities of water moved faster because of the breeches. This huge water flow moved to zone (2) which is a narrow zone surrounded by mountains, and with a gradient of 0.007 m/ m (0.4°), and this leads to an increase of the velocity of the already fast-moving waters coming out of zone 1. Water enters the zone (3) with a gradient of 0.006 m/m (0.34°). The zone three is urban areas built in the wadi, and many changes have been occurred in this zone. Water is moving at a high velocity and with huge volumes in this zone due to gradient of the area and increased the impervious areas. Flood water damaged everything in its way such as infrastructures, cars, houses, and other things. Also, the fast-moving waters eroded massive amounts of sediments as shown in Fig. 2 .
Results and discussion

Rainfall analysis
Statistical interpretation of the expected rainstorms over Jeddah region has been estimated. For that purpose, frequency analyses were used to estimate the probability of exceeding all possible precipitations from the observed events. The frequency analysis is based on the available historical observations of daily rainfalls recorded by the meteorological stations. The rainfall data were recorded from nine rain gage locations surrounding the study area (Fig. 4) . The rainfall data for the gauges (J102, J239, J214, J205, J134, and J221) are operated by the Ministry of Water and Electricity (MOWE), and the rainfall data at the Jeddah Airport gauge (41024) are operated by the Presidency of Meteorology and Environment (PME). The gauges SGS-1 and SGS-2 are operated by the Saudi Geological Survey with every one-minute observations; and the gauge of KAU is operated by the University of King Abdulaziz. The recent extreme storm events that occurred on November 25, 2009, and January 26, 2011, are not included in the record for the stations (J102), (J239), (J214), (J205), and (J221) gauges. However, it is included in the records for stations (41024) and (J134). The January 26, 2011, storm event is included only in the record from the stations of SGS (41024), and KAU rain gauges. According to the Thiessen polygons method the stations related to MOWE and PME, the Wadi Qus basin is affected by the rain gauges of (J134), KAU, and SGS (Fig. 4) .
However, to determine the accurate value of the rainfall in the 2009 flood, back-analysis method has been used. Wadi Al-Asla sub-basins were directly impacted by the rainstorm of November 25, 2009. Runoff volumes were generated within the wadi catchment areas. The runoff that comes from Wadi Al-Asla sub-basins has discharged within the Briman Lake and the emergency dam reservoir, which played an active role in attenuating the flood Fig. 5a . The events before and after the November 2009 flooding for the emergency dam were captured by satellite images (Fig. 5b, c) . Approximately, 20 million m 3 was retained behind the emergency dam during the event. Without this emergency reservoir, the flooding in Jeddah City would have been considerably worse than it was. A methodology was developed to model the amount of rainfall during the 2009 event using a trial and error method to simulate rainfall amounts and estimating the volumes generated by each storm and comparing with the volume of water retained by the emergency dam in 2009. It was found that the runoff generated during the November 25, 2009, rainstorm resulted in an impoundment of approximately 20 million m 3 (up to the normal reservoir pool elevation after the flooding event (Fig. 5d) .
The back-analysis was carried out by implementing the geo-morphometric characteristic of different sub-basins of Wadi Al-Asla (Fig. 5a ), e.g., using soil, ground cover, and the natural drainage network. The infiltration rate and the soil water storage capacity were computed according to the method proposed by the Natural Resource Conservation Service (US Department of Agriculture 1986) and usually referred as the ''Curve Number'' method. The actual rainfall was computed by iteratively simulating the contribution to the overall surface runoff volume due to each sub-catchment areas, defined within Wadi Al- Asla basin, which discharges storm water toward the emergency dam. The sub-basins (B1_A and B1_B), according to the natural drainage network, discharge storm water toward the Briman Lake earth dam (waste water disposal lake) were analyzed. The volume of approximately 7 million m 3 was not accounted in the computation, considering that the most of the runoff was retained behind Briman Lake dam (Fig. 5a ). The runoff volume from sub-basins number B2, B3, B4, B5, and B6 toward the emergency dam reservoir has been used for the simulation. Results are illustrated in Table 1 , which suggest that the rainfall height represents the best estimate on November 25, 2009. The best fit in the simulation was obtained with a value of 150 mm, thus corresponding to around 20 million cubic meters of runoff water impounded in the emergency dam. The rainfall height computed through the back-analysis of the emergency dam response (150 mm) is consistent with the estimate provided by AccuWeather (2009), comprised between 100 and 200 mm, and therefore may be considered realistic. Table 2 shows the maximum daily value of the rainfall for all stations and the back-analysis value as well the aggregated values.
Aggregated annual maximum values have been determined by selecting the annual maximum rainfall values from three rainfall gauges named (J134), SGS, and KAU. In addition to these values, the rainfall precipitation happened in 2009 was calculated from (Table 1 ). It was found that the aggregation of the individual records is more appropriate by providing a more representative sample of the rainfall characteristics for the Qus region. Different distributions have been used to find the fit to the observed data including Generalized Extreme Value; Gumble; Weibull; Gamma; Pearson Type III; Log-Pearson Type III; and Log-Normal. The results evaluated the fit for each of the distributions by comparing computed goodness-of-fit measures, including the chi square, Kolmogorov-Smirnov, Standardized least-squares criterion (SLSC); probability plot correlation coefficient (PPCC I), the corresponding order statistics; and the probability plot correlation coefficient (PPCC II). Three methods are shown in Fig. 6 . These three methods are Gamma, Gumble, and Weibull where their distributions are very close to each other and their probability distributions provided a good fit to the observed data for the aggregated annual maximum rainfall series. Average values of these three methods were used in the analysis (Table 3) .
Dam location and sub-catchment analysis
Dam locations selection
Three dam site locations (Q 01 , Q 02 , and Q 03 ) have been proposed based on topographical analysis using different data sets such as topographic maps (1:50,000 scale of 1975), remote sensing images (resolution of 30 m of 2001), a digital elevation model with 90-m resolution (STRM 2000) , and geological map (produced in 1989). These data were used for preliminary selection of these dam locations (Fig. 7) . ArcGIS 10.2 and Erdas Imagine 9.2 software were used in interpretation of the different data types. The selection areas are characterized by a narrow zone along the streams, have a u-shaped valley, and are surrounded by competent rocks with abutments. In addition, these locations are selected to be at the outlet areas where large areas of land can be temporarily inundated by water as a result of water being held back by the proposed dam.
Geologically, the study area is characterized by the rock units that are shown in Fig. 8 . Lithological units were extracted from the geological map 1:250,000 (GM-107C) (Moore and Al-Rehaili, 1989) . The geological map revealed that the three dams are located in Djghbij complex (diorite and quartz diorite), Qattanah complex (granodiorite and monzogranite), and metagabbro and gabbro rocks (Fig. 8 ).
Geophysical study
In the present study, the new IRIS-Syscal Pro (96-channel) resistivity system was used to map the subsurface of the proposed dam alignment to conduct a preliminary determination as to the suitability of the dam construction. Three lines were measured along the centerline of the proposed dam sites (Fig. 9 ). The electrode spacing was 5 m, with a total length for each line of 130, 64, and 215 m for dam sites Q 01 , Q 02 , and Q 03 , respectively, and a total depth of 35, 15, and 50 m, respectively. Wenner-Schlumberger arrays were used, and the data were inverted using the RES2DINV routine. The results indicated that most of these sites have a loose sediment layer at the top which is dry and saturated zone under the top layer followed by hard rocks at the bottom (Fig. 10) . Subsurface structures have been studied from the electrical resistivity lines, remote sensing images, geological maps, and aeromagnetic maps for the study area. The results indicated that the subsurface of the dam sites has no known subsurface structures (faults). Figure 11 shows the structure Fig. 6 Probability distribution of the maximum rainfall data using gamma distribution elements extracted from geological maps, remote sensing images, and aeromagnetic map and verified from field investigation.
Geotechnical study
A detail geotechnical investigation was conducted for the selected dam sites. Boreholes were established at each dam site, and field study was done to study the abutments of the dams and the geotechnical properties of the sites. The geological units underlying the proposed dam are as follows:
The geotechnical investigation in the dam site (Q 01 ) was performed in five boreholes (Figs. 9a1, 12) . The following summarizes the results of these investigations where from depth 0-8 m is a highly weathered granitic rock recovered as silty sand with gravel or well- The geotechnical investigation in the dam site (Q 02 ) was performed in five boreholes (Figs. 9b1, 12) . The results of the geotechnical investigations revealed that from depth 0-8 m the subsurface is characterized by highly weathered granitic rock recovered as silty sand with gravel or well-graded sand with silt and gravel. The surface layer is 8 m thick The geotechnical investigation in the dam site (Q 03 ) was performed in nine boreholes (Figs. 9c1, 12) . The following summarizes the results of these investigations from depth 0-9 m (variation between 2.5 and 11.0 m). Man-made fill consisting of garbage mixed with rubble and silty sand. The material is of heterogeneous nature with highly variable geotechnical properties. The material will be excavated and removed, and thus, its geotechnical properties are not of interest. Since the groundwater table is located at a depth of about 7 m (at the present time), the excavation and removal of the man-made fill will need pumping the water out of the trench and further excavation up to the bottom of the fill. Depth from 9 m to 15 m is highly weathered granitic rock recovered as silty sand with gravel or well-graded sand with silt and gravel. This zone consists of residual soil (weathered granite), becoming more gravelly with depth. The material is dense, and the SPT N value exceeds N = 40 and usually N [ 50.
The geotechnical investigation of the different layers at the dam sites is summarized as follows. The geotechnical parameters of the surface layer include cohesion, friction angle, and one-dimensional E-modulus, with values of 5 kPa, 34°, and 50 MPa, respectively, where the granitic rocks are gray to light gray in color, very hard with fractures and joints. Their geotechnical parameters include RQD (from poor to fair 20-60 %), the uniaxial compressive strength (ranges between 20 and 60 MPa), cohesion (500 kPa), friction angle (40°), and one-dimensional E-modulus (1,000 MPa).
It was found that these ground conditions are considered acceptable for finding the proposed dams, and subject to the incorporation of the recommendations and concept design aspects presented in this paper. Treatment of the foundations would include the incorporation of a seepage cutoff trench/wall that could be made of concrete or asphalt concrete, and the unsuitable materials (uncontrolled fill and loose materials) will have to be treated by replacement and mixing with sulfate resistance cement. The depth of the cutoff wall is anticipated to be equal to the full reservoir head for the case of soil foundations. Where acceptable slightly weathered to fresh rock is encountered at shallow depths, a cutoff trench will not be necessary, but will be subjected to surface treatment that includes the removal of loose rock and application of slush grouting and in some places localized borehole grouting for a shallow depth (typically no more than 2 m depth). A simplified and generalized assessment of seepage indicates that about 0.5 l/s/lineal length of dam could be anticipated under full reservoir, the infiltration value seems to be very low and will never affect in the dam body. Provisions for the capture of seepage at the downstream side are recommended. This may include drainage trenches and seepage wells, with V-notch weirs for regular monitoring when necessary.
Drainage networks extractions
The digital terrain data obtained through the Shuttle Radar Topography Mission (SRTM 2000) were used to create a digital elevation model (DEM) of the sub-catchments of Wadi Qus. This was used as input data into the Watershed Modeling System (WMS 8.1) software and calculation of all sub-basin parameters. These parameters included: sub-catchment area, length, and slope. The primary use of WMS 8.1 was to delineate watersheds, streams, and sub-basins. The 90 m 9 90 m resolution SRTM digital corrected data were downloaded from (http://glcf.umd.edu/data/). From the SRTM data, a Digital Elevation Model (DEM) of the study area was created (Fig. 7c) . The no-data gaps have been automatically filled and smoothed. As it is clear from the DEM, the hilliest areas are located to the east of the study area with a maximum elevation that exceeds 500-m msl and a minimum elevation that is close to 90-m msl. Once the DEM of the study area is imported into WMS, the eight-point pour technique is used to determine the direction of flow between the different cells within the catchment sector. Flow patterns and drainage channels are then identified. Flow accumulations can be computed in WMS from the flow directions using a special version of the TOPAZ model (Lacroix et al. 2002) . The catchments and basin characteristics are then determined by inputting of the possible outflow locations as an outlet point in the program. The Wadi Qus basin catchment has been divided into three smaller sub-catchments (B1, B2, and B3), and the maximum inundation areas for the dam reservoir are shown in Fig. 13a .
Each sub-catchment significantly differs from the others in its soil type, basin slope, and catchment geometric characteristics. The characteristics of each sub-basin are given in Table 4 .
Design rainfalls used for the study
The design rainfalls were derived based on the back-analysis of the recent flood of November 2009 and the available long-term daily records in the area. The 3-hourly total rainfall depths of 188 mm for 1,000-year storm events were used in the design criteria.
Catchment runoff
The sub-catchment runoff was generated using The Soil Conservation Service (SCS) dimensionless hydrograph and SCS generalized loss model. The curve number (CN) was generated for each sub-catchment based on general assessment of the sub-catchment imperviousness, vegetation cover, and geology of the catchment. The sub-catchment lag time was estimated based on overland slope and length of the flow path. The runoff volume from the catchment is the volume of water runs down the catchment after taking account of all the losses. The runoff volume depends on the soil type (rainfall losses through infiltration), sub-catchment slopes, and the proportion of imperviousness surface of the catchment. The volume of rainfall falling into the catchment was estimated based on catchment area. However, considering in the Wadi Qus catchment has little or no vegetation; a high volume is expected. This is comparable with experience on other projects. Based on the split of catchment for the three dam locations, a breakdown of the runoff volume at the reservoir of the three dams on Wad Qus is listed in Table 5 .
Flood storage capacity
A detailed ground survey using differential GPS has been used to map the areas in the upstream locations of each dam site. A detailed contour map was extracted from the surveying data with a contour interval of 1 m (Fig. 13b-d) . According to the dam height at each location, the storage capacity has been determined (Table 5 ). It is assumed that there is a 1-m freeboard (Table 5) as dam height plus the dam freeboard. Three scenarios have been used at different dam height, and at each time, reservoir area and volume have been determined (Table 5) .A comparison between the water volume of each sub-basin for 500-and 1,000-year return period with the reservoir volume at different dam heights (Table 5) indicated that dam height of 15.5, 11.5, and 13.5 m is suitable for dams Q 01 , Q 02 , and Q 03 , respectively.
Dam design consideration
Dam type
The current study recommends the design and construction of embankment dams. Embankment dams are typically cheaper than other types of dam being constructed of earth materials that may be able to be found locally and employing relatively simpler construction methods. Different authors have recommended the design and construction of small earth dams including: Fowler (1989) , Nelson (1985) , Schwab et al. (1993) , Stephens (1991) , Hansen and Reinhart (1991) (1987) . One is concrete-faced rockfill dam (Fig. 14) which proposed for dam site 1 and dam site 2, and these sites are small dams and located at the upstream sections of Wadi Note that there are three scenarios for the dam height at each height; lake surface area and reservoir volume of the dam are calculated
Qus. The second conceptual design dam type which is rockfill dam with a core of concrete and asphalt proposed for to dam site 3 where this dam is large in width (Fig. 15) . The reason for the second dam design for dam site 3 where we assumed the area at the upstream side is so critical for dam failure where the upstream areas are urban areas.
Dam geometry
Different parameters are used to describe the dam geometry including: (1) dam height which is dictated by the required flood capacity is associated with the water level required by the flood event; (2) side slopes of the dam which dictated by the nature of the available materials for construction; the greater the shear strength, the steeper the side slopes can be; (3) crest width of the dam which dictated by the need for access (single or two way of traffic to accommodate the traffic volume). The crest width may need to be greater than the minimums requirement to meet the following: (a) meet any governmental requirements/ standards; (b) accommodate embankment zoning (design of internal geometry); (c) provide roadway access and traffic safety; and (d) provide structural stability for the dam. An increase in top width is a major design consideration. When the embankment top is used as a public roadway, the minimum width shall be 5 m for one-way traffic and 8 m for two-way traffic. Guardrails or other safety measures shall be used and must meet the requirements of the responsible road authority. In the current study, the crest width is recommended to be 10 m wide to allow its use by the local communities. Also, it will then provide better hydraulic characteristics if overtopped, relative to narrow crest. 
Freeboard
Freeboard is the difference between the dam crest and the top reservoir level. The current practice in different countries such as in Australia and New Zealand calls for freeboard for wind and other effects to be generally provided, as may be appropriate for the specific case, depending on the likely duration of flooding with wave splash and/or overtopping, and the dam's resistance to overtopping. In the current study, a freeboard has been assigned to consider the followings: (1) the potential settlement of the crest of embankment dams; (2) possible increases in estimated flood discharge due to developments in meteorology and estimates of extreme rainfalls; (3) possible increases in estimated flood discharge due to developments in hydrologic methodology; and (4) the generally low incremental cost of providing additional flood capacity. Considerations on the need for freeboard provisions are more critical for embankment dams, as these dams are generally more susceptible to breaching and failure as a result of overtopping. A 1.5-m freeboard has been recommended for all dams that will provide an added flood capacity in Wadi Qus.
Construction materials
Field investigation in the area surrounding these dam sites indicates that high-quality rock is available in and around the surroundings of the proposed dam sites. Rock provides the strength component required for the dam body, as well as for erosion/scour protection. However, clay normally used as core materials (to provide the impermeable element of the dam body to facilitate water storage) is not available. For that reason, a rockfill dam has been recommended. These dams will be constructed using the following materials. Above the wadi level, rockfill material from local borrows areas of granitic origin with a specific gravity of 2.69. The Los Angeles Abrasion Test gave loss in the range of 35-41 %. This material has a maximum grain size about 400-500 mm and consists mostly of cobbles (about 88 % coarser than 60 mm) and only 12 % in the sand-silt range (less than 2 % fines). It is a moderately graded (Cu = D60/D10 & 5). However, below the wadi level, rockfill or earthfill material of class A-1-a or A-1-b according to American Association of State Highway and Transportation Officials (AASHTO, 1986) will be used.
3.3.5 Concept design aspects 3.3.5.1 Foundation preparation Unsuitable materials which are detected at the three dam sites need to be excavated and replaced with engineering fill (about 8 m in dam 1 and 2 and about 11 m in dam 3). Clean fill can be brought to these sites (sands and silty sands) and, after thorough mixing with sulfate resistance cement (5 % by weight), can be placed in 200-mm layers and compacted by five passes of 10T vibratory roller. Same treatment can be made for loose deposits (characterized by SPT N of\30). The bedrock surface shall be cleared of all loose rocks to find the dam's rockfill on the slightly weathered or unweathered bedrock. Highly weathered rock if encountered will need to be removed as well.
Main dam body
The main dam body shall be constructed of high-quality rock. US Army Corps of Engineers (2004) indicated that sound rocks are ideal for compacted rockfill dam. However, rocks that break down to fine sizes during excavation, placement, or compaction are unsuitable as rockfill materials for dams. The compressive strength of rock shall be no less than 75 MPa (4-day soakage). The rockfill shall be well graded, with a maximum size of 500 mm, and with no more than 8 % fines (75 lm less). The rockfill shall be placed in 1-m-thick layers and compacted with a minimum of 5 passes from a 10T vibratory roller.
3.3.5.3 Seepage cutoff While the rockfill can provide strength for the dam, an impervious element is required to stop water seeping from the reservoir to the downstream area with potentially damaging flows. The concrete face rockfill dam type relies on the face slab for this purpose and is provided with a cutoff wall for foundation seepage control. Also, the asphalt concrete rockfill dam relies on the asphalt diaphragm wall within the dam and its foundation to control seepage.
Erosion and scour
The dam upstream and downstream sides have been chosen at gentle slopes (1V:3H) to assist in better performance in the event of overtopping. In addition, riprap shall be provided that will need to extend to 20 m beyond the downstream toe of the dam, with adequate subgrade treatment (replacement of unsuitable soils, compaction, and possible cement mixing). The dam crest with a 10 m width shall be covered by a concrete slab, which will provide better hydraulic flow performance.
3.3.5.5 Piping It is anticipated that seepage from the dams can be manageable provided that piping is controlled. Therefore, it is recommended that the dam-foundation interface incorporates two 400-mm-thick layers that meet the filter in Eq. (1). The whole length of the dam-foundation interface will have to be provided with the twin filter layers for the concrete face rockfill dam type, while the asphalt concrete rockfill dam will require both the downstream and upstream part to be provided with the two layers.
3.3.5.6 Outlet conduits One outlet-pressurized pipe of 1.2 m diameter will be incorporated with gated vertical inlet to minimize the effect of sedimentation. The rationale behind of using a pressurized pipe is mainly due to unavailability of space to accommodate open channel or big culvert to drain the water from the dam 3 reservoir to the drainage system west of Al-Haramine highway. Also, the pressurized pipe is used due to the high gradient between the dam 3 outlet to the existing drainage system. Their maximum capacity will be approximately 4 m 3 /s that will allow the total stored water in Wadi Qus of 9 million m 3 to be released in less than 4 weeks. HDPE pipes can be used; however, they will have to comply with the manufacturer's specifications.
3.3.5.7 Spillway Three spillways have been determined for the three dams at Wadi Qus dam locations. The spillway is designed as a free overfall type with a chute. The shape of the construction is designed as a U profile and follows the slope of the dam. The walls have a height of 1.0 m as the water level on the spillway crest (designed head) is 0.5 m; the water height on the chute is 0.15 m. The height of the spillway level is located 1.50 m below the dam crest as this is the freeboard. Concrete slaps are mounted on top allow vehicles to cross the spillway.
Dam construction
An inspection regime should be put in place during construction separating from the contractor's activities. The inspection regime shall be undertaken on behalf of the owner/principal by professional or professional with extensive experience in dams and geotechnical engineering. The initial works specifically with foundation preparation will require a greater emphasis from the inspection body.
3.3.5.9 Flood risk mitigation The incorporation of a suitable flood warning system is an important aspect of flood risk mitigation in the short and medium terms, and possibly in the long term. As a long-term measure, the comprehensive assessment and design for the stormwater infrastructure that will be undertaken imminently will need to address current and future control measures.
Concluding remarks
On November 26, 2009, intensive rainfalls in the Jeddah area triggered a flash flood, which caused disastrous damages in the district of southern Jeddah. The flood was caused by rapid runoff from Wadi Qus, corresponding to a flood event. The study indicates that there are three locations, which found to be suitable for dam locations according to the geotechnical, geological, structural, hydrological, and geophysical investigations. The proposed Flood Control Measures to alleviate future such events consist of creating three temporary water retention reservoirs by the construction of three dams: dams Q 01 and Q 02 in the upstream area of the Wadi Qus and dam Q 03 in the downstream area. The downstream reservoir of dam (Q 03 ) will be filled by water discharge from its own catchment area (B3). On other hand, the water coming from other sub-basins (B1 and B2) filled the two upstream reservoirs of dams (Q 01 and Q 02 ). Water temporarily retained in the reservoirs will be gradually discharged (through a culvert under the base of the dam) over a period not exceeding 28 days. Due to the variation of the water level in the reservoir, ranging between. The current study also provides a conceptual design of these dams. These dams are considered to be rockfill dams. Rockfill dams are considered to be one of the durable dam types. They can be very economical where the materials should be used in dam construction are available in the surrounding area. These rockfill dams have been faced with reinforced concrete. These facings have performed well for correctly compacted rockfill embankments, and leakage will be within acceptable limits.
